Dimethylaminoethyl methacrylate (DMAEMA) was grafted onto a cellulosic fabric waste via γ-irradiation ( 60 Co). Factors affecting the grafting such as the radiation dose and monomer concentration were investigated. The grafted fabric waste was studied by infrared (FT-IR) spectroscopy and thermogravimetric analysis (TGA), as well as its surface morphology. The ability of the grafted fabric waste for removing Direct Violet 31 from its aqueous solution was studied by batch experiments. The adsorption data obeyed the Langmuir and Freundlich isotherms. It was found that 1 g of grafted fabric waste adsorbed 40 mg of Direct Violet 31 from its aqueous solution. The grafted fabric waste could be used as an adsorbent for water pollutants such as dyes, thereby solving one of the most important environmental problems of the textile industry.
INTRODUCTION
The removal of colour from textile wastewater is a major environmental problem since such water is difficult to treat by conventional methods. During the past decade, the Egyptian government has become increasingly aware of the need to clean up industrial effluents and reduce pollution in the River Nile. The extent of the water environment has engendered much concern because of the potential health hazards associated with the entry of substances of this kind into the food chains of both humans and animals. Moreover, the presence of dyes in water sources makes them not only objectionable aesthetically but can cause many water-borne diseases, for example ulceration of the skin and mucous membrane, dermatitis and severe irritation of the respiratory tract (Gupta et al. 1988) .
For these various reasons, there is a considerable need for the treatment of such effluents prior to discharge. Since high-energy irradiation provides a powerful technique for radical synthesis and the modification of polymeric materials, radiation-initiated processes have attracted considerable interest in the research, development and technology of various polymers (Hassanpour 1999; Bashasr et al. 1995; Grushevskaya et al. 1990; Sheikh and Taromi 1993; Pengfei et al. 2001) . Graft polymerization provides a general method for modifying the chemical and physical properties of polymeric materials. More importantly, it can be used to impose new properties upon existing forms such as films and fibres. Radiation grafting is one of the most promising methods due to the transmittance of a large amount of ionizing radiation into the polymer matrix, readily creating active sites for initiating grafting processes (Okamoto 1987) .
The present work involved the following studies: (i) grafting of cellulosic fabric waste with dimethylaminoethyl methacrylate using γ-radiation ( 60 Co) and a thorough study of all the factors affecting the grafting reaction; and (ii) an examination of the ability of the grafted fabric waste to adsorb Direct Violet 31 from aqueous solution and the extent to which the experimental data obeyed the Langmuir and Freundlich isotherms.
EXPERIMENTAL

Materials
Fabrics
Cellulosic fabrics were kindly supplied by the Misr Company for Spinning and Weaving, El-Mahala, Egypt. The cotton fabric used in the study was composed of waste fabric pieces derived from different tailoring processes. The obtained waste fabrics were mill-scoured and bleached plain weave cotton fabrics.
Chemicals
DMAEMA was supplied by Fluka Chemie AG, Switzerland while the Direct Violet 31 dyestuff was kindly supplied by the Ismadye Co., Egypt and used without further purification. The structure of this dye and its maximum absorption wavelength, λ max , are depicted in Scheme 1 below: 
Methods
Graft copolymerization procedure
A known weight of the fabric waste was placed in a round-bottomed flask, an appropriate amount of DMAEMA monomer added and the polymerization reaction initiated using a 60 Co γ-ray source at different radiation doses. The resulting grafted fabrics were washed thoroughly with distilled water and then extracted with hot water for 5 h in order to dissolve any homopolymer that may have been attached to the fabric surface. The grafted samples were finally allowed to dry in an air oven to constant weight at 60°C. The percentage graft was determined from the percentage increase in weight as follows:
(1)
where and W g represent the weights of the initial and grafted fabric, respectively.
Adsorption experiments
The adsorption experiments were carried out by agitating the adsorbent material with 100 ml of dye solutions of varying concentrations without previous pH adjustment at 30°C in a thermostatted shaking water bath operated at 150 rpm. The samples were withdrawn from the shaker and the dye solution separated from the adsorbent by centrifugation. The dye concentration in the supernatant solution was estimated by measuring the absorbance at its maximum wavelength (λ max = 546 nm) using a Shimadzu UV-vis spectrophotometer and computing the concentration from a calibration curve. The amount of dye adsorbed onto the adsorbent, q e (mg/g), was calculated from the massbalance relationship:
(2)
where and C e are the initial and equilibrium liquid-phase concentrations (mg/l), respectively, V is the volume of the solution (l) and W is the weight of the adsorbent sample (g).
Analysis
FT-IR spectroscopy
Measurements of the FT-IR spectra of the grafted and ungrafted cellulosic fabric were performed using a Mattson 1000 spectrophotometer (Unicam, UK) over the spectral range 4000-400 cm −1 employing the KBr disk technique.
Thermogravimetric analysis (TGA)
Thermogravimetric analyses (TGA) of the grafted and ungrafted fabric waste were performed in a nitrogen atmosphere at a flow rate of 20 ml/min by means of a Shimadzu TGA-50 system.
Scanning electron microscopy (SEM)
For such analyses of the ungrafted and grafted fabric waste, the sample was initially prepared by mounting onto standard microscope stubs and coating with a thin layer of gold using a Polaron Diode sputter unit. A JOEL JSM 15-SEM instrument was used to obtain appropriate micrographs.
RESULTS AND DISCUSSION
Radiation-induced reactions in polymeric materials are initiated by the formation of excited molecules, ions and free radicals. When irradiated, some polymers undergo predominantly crosslinking reactions whereas others may degrade. In the presence of monomer, the free radicals so produced may initiate further chain reactions leading to the formation of graft copolymers and homopolymers. Many authors have studied the primary effect of γ-irradiation on cellulose (Hongfei et al. 1995; Wang 1977; Dessouki et al. 1999) .
In the present studies, the dependence of the percentage grafting on the reaction conditions such as time, radiation dose and monomer concentration was examined. Figure 1 shows the relationship between the irradiation dose and the degree of grafting of DMAEMA onto cellulose fabric waste at different monomer concentrations. It will be seen that the degree of grafting varied with the dosage, being approximately linear initially up to 10 kGy but thereafter showing increasing curvature up to a maximum as the dosage increased.
Effect of radiation dose
Generally, the chemical change occurring in the polymeric substrate would be directly proportional to the number of active sites formed. Also, the efficiency of such active sites towards the initiation of graft polymerization would be greater in the amorphous regions of the material rather than the crystalline regions due to the higher mobility of radicals in the former case. Hence, the number of radicals formed on irradiation would be expected to increase approximately linearly initially with dosage and reach a maximum value. This means that the grafting yield would increase as the irradiation dosage increased. At higher doses, no further active sites would be formed and the constant concentration of radicals would yield a curved relationship between the grafting yield and the dosage. Such curvature may be attributed to the recombination of some radicals without initiating new grafting sites (Hegazy et al. 1981 (Hegazy et al. , 1985 .
Effect of monomer concentration
Figure 1 also shows the relationship between the degree of grafting and the monomer concentration at different radiation doses. The degree of grafting increased on increasing the monomer concentration since this led to an increase in the rate of formation of initiating radicals and a consequent increase in the degree of grafting. On the other hand, increasing the monomer concentration at high dosage could lead to enhancement of any homopolymerization processes. Such processes would retard the grafting reaction due to the restriction in the diffusivity of radicals in the viscous medium and also the fact that diffusivity of the monomer solution into the interior of the polymer to initiate new grafting sites would also be restricted by the increasing viscosity .
Kinetic study of graft polymerization
A series of experiments was carried out at constant initial concentrations of DMAEMA with the cellulosic fabric waste being subjected to γ-irradiation for different reaction time, t, at a constant dose rate of 1.1 kGy/h. Figure 2 depicts the variation in percentage grafting, G t , with reaction time, t, under such conditions.
The results indicate that increasing the reaction time in a series of experiments led to an increase in the percentage grafting which approached a limiting value at long reaction times, G ∞ . Hence, the total rate of disappearance of monomer in the grafting experiment initiated by γ-rays may be expressed by the simple relationship:
( 3) where k p and k t are the velocity constants for propagation and termination (combination and disproportionation), respectively, [M] is the monomer concentration at a time t and I is the rate of initiation. Integration of equation (3) 
The monomer concentration is related to the value of the percentage grafting if the depletion of monomer with increasing time limits the extent of grafting as follows (Egboh et al. 1984) : (6) However, this does not imply that all the monomer was used in graft formation, since some could have been used in the formation of homopolymer, i.e. poly(DMAEMA). From equations (4) and (6), it follows that at a constant initiation rate:
where k′ is equal to ln G ∞ . Figure 3 shows a plot of ln(G ∞ − G t ) against the reaction time for the 60 Co-irradiation experiments with the fabric waste, using a G ∞ value of 65. The initial slope of the curve depicted in the figure gave a value for k of 0.13 h −1 . This indicates a relatively slow rate of radical formation during initiation and subsequent reaction between monomers and the cellulose. The decrease in the polymerization rate constant is attributed to the decrease in the dose rate since the rate constant for radiation polymerization is directly proportional to the square root of the dose rate (Nizam et al. 2000) . On the other hand, however, a decrease in the dose rate is usually accompanied by an increase in the molecular weight of the branched chains. At low dose rate, i.e. a low rate of formation of the initiating radicals, the monomer radicals show a preference for adding to the polymeric chains rather than forming new short chains (Nizam et al. 2000) .
FT-IR spectroscopy
IR spectroscopic studies were undertaken to confirm the above conclusions regarding the grafting process. Figure 4 illustrates the FT-IR spectra for (a) the ungrafted fabric and (b) the cellulose fabric grafted with DMAEMA. The appearance of new peaks at 1731 cm −1 and 2706 cm −1 in the IR spectra could be assigned to the CpO frequency (characteristic of the ester group) and the N-H bend stretch (characteristic of a primary amine salt), respectively.
Thermal stability
The thermal properties of the cellulose fabric of both ungrafted and grafted with DMAEMA were examined by thermogravimetric analysis (TGA). Figure 5 shows the corresponding weight loss curves over the temperature range 50-600°C obtained at a heating rate of 10°C/min in a flow of nitrogen gas. Initial thermal decomposition of the ungrafted cellulose fabric occurred at 340°C, whereas the cellulose grafted with DMAEMA exhibited an initial thermal decomposition at 215°C. This indicates that the thermal stability of the cellulose waste decreased on grafting with DMAEMA. This may have been due to the introduction of poly(DMAEMA) groups with a lower initial decomposition temperature. Figure 6 depicts the morphology as obtained by scanning electron microscopy of (a) the ungrafted cellulose waste and (b) cellulose waste after grafting with DMAEMA. The micrograph of the grafted material shows a pronounced swelling of the fibres with the diameter of each individual fibre apparently greater than that of the fibres in the ungrafted material. In addition, the surface of the grafted material appears to be almost completely covered with branches of poly(DMAEMA) which is completely absent from the ungrafted fabric wastes. Figure 7 shows the effect of agitation time on the adsorption of Direct Violet 31 onto the grafted fabric waste. The adsorption of dye onto the adsorbent increased rapidly initially but then slowed down as equilibrium was approached. The time necessary to achieve equilibrium adsorption of Direct Violet 31 onto grafted fabric waste was 35 min. The adsorption curve was smooth and continuous throughout, indicating monolayer coverage of Direct Violet 31 onto the adsorbent.
Surface morphology of the grafted fabric
Adsorption studies
Adsorption isotherms
Isotherm plots representing the equilibrium distribution of Direct Violet 31 between the solid phase, q e (mg/g), and the liquid phase, C e (mg/l), were constructed from the data derived from the adsorption studies. Figure 8 depicts a typical equilibrium curve that exhibits a plateau indicating the maximum adsorption capacity of the grafted fabric waste towards Direct Violet 31. Analysis of the isotherm data by fitting different isotherm models to them is an important step in finding a suitable model that can be used for design purposes (El-Geundi 1991) . 
Langmuir isotherm
The Langmuir equation (Langmuir 1918) was first applied to the equilibrium adsorption data for Direct Violet 31 onto grafted fabric waste. This isotherm is based on the assumption that the maximum adsorption corresponds to the formation of a saturated monolayer of adsorbate molecules on the adsorbent surface, that the energy of adsorption is constant, and there is no transmigration of adsorbate in the surface plane. The linear form of the Langmuir isotherm is given by the following equation:
where C e is the equilibrium concentration of the adsorbate (mg/l), q e is the amount of dye adsorbed (mg/g), and and b are Langmuir constants related to the maximum adsorption capacity (mg/g) and the adsorption energy (l/mg) respectively.
Finally, the Langmuir equilibrium constant, K L , is obtained from the following equation:
The equilibrium constant, K L , may be used to determine the adsorption enthalpy, ∆H. The linear plots of C e /q e versus C e (Figure 9 ) demonstrate that the adsorption of Direct Violet 31 onto grafted fabric waste conformed to the Langmuir adsorption model. The correlation coefficient for the linear regression fit of the Langmuir isotherm was found to be 0.9871. The values of and b determined from the Langmuir plot were 39.06 mg/g and 0.232 l/mg, respectively. The value of K L was, in turn, calculated from these constants. All these various values are listed in Table 1 .
The essential characteristics of the Langmuir isotherm can be expressed in terms of a dimensionless constant separation factor or equilibrium parameter, R L , which is defined by the following relationship: where b is the Langmuir constant and is the initial concentration of Direct Violet 31 used in the study. The magnitude of the parameter, R L , is related to the type of isotherm as indicated in Table 2 while the values of R L obtained in the present work are listed in Table 3 .
Freundlich isotherm
The Freundlich equation (Freundlich 1907) was also applied to the adsorption of Direct Violet 31 onto grafted fabric waste. This isotherm generally agreed quite well with the Langmuir equation and the experimental data over a moderate range of adsorbate concentrations. The Freundlich isotherm may be represented by the following equation:
where C e is the equilibrium concentration (mg/l) and x/m is the amount of dye adsorbed per unit mass (mg/g) onto the adsorbent (grafted fabric waste). The quantities K F and n are Freundlich constants with K F (mg/g) representing the adsorption capacity of the adsorbent and n representing the extent to which adsorption was favoured. The linear plot of log(x/m) versus C e depicted in Figure 10 shows that the Freundlich isotherm could be applied to the adsorption of Direct Violet 31 onto the grafted fabric waste adsorbent. The values of n and K F calculated from the slope and intercept, respectively, of this plot are listed in Table 4 . The fact that 1 < n < 10 demonstrated that such adsorption was favourable.
CONCLUSIONS
Cellulosic fabric wastes derived from different tailoring process were grafted with dimethylaminoethyl methacrylate (DMAEMA) by γ-irradiation. Factors affecting the radiation reaction, i.e. the radiation dosage and monomer concentration, were investigated. The grafted samples were characterized by FT-IR spectroscopy, TGA methods and scanning electron microscopy. The grafted cellulosic fabric was used for the adsorption of Direct Violet 31 from aqueous solution, the data obtained obeying both the Langmuir and Freundlich isotherms.
